The HAWAI JIP originated from the observed differences between model tests and numerical simulations in shallow water. These differences were identified as being caused by spurious free waves and reflected waves in the model basin. Identifying these waves and incorporating them in the numerical simulations greatly improved the agreement between the model test results and the simulation results. Although the effect of spurious waves is also present in deep water, the effect is most profound in shallow water. The research therefore focused on shallow water, further refinement of wave identification, the background and theory behind spurious free waves, the effect of these waves on the motions of a LNG carrier and the occurrence of free waves in reality. In order to identify the different types of wave systems in a model basin a wave splitting (or separation) technique has been developed. This paper describes the current state-of-the-art of wave splitting and its limitations. Results are presented in the form of motion statistics of an LNG carrier that is moored in 15 m and 30 m water depth. The model tests results are compared with simulation results with and without the wave splitting methodology.
INTRODUCTION
One of the objectives of the HAWAI JIP is to better understand (low frequency) wave propagation in shallow water basins and the wave forces associated to these low frequency waves. This paper describes how the wave field can be split in to free and bound waves coming from both the incident (i.e. from the wave maker) and reflected (i.e. from the beach) wave direction. These separate wave systems were used to compute the response of the LNG carrier in the time domain. For low damped systems in shallow water the low frequency excitation can result in a large response. This is the case for surge motions of LNG carriers in shallow water. As shown in figure 1 these large motions directly relate to the mooring forces. The large LNG carrier motions that are observed in a model test basin can be (partly) related to spurious waves that are introduced by the fact that the wave maker does not meet the exact boundary conditions of the required water particle motions. Another reasons for the presence of these spurious waves can be the local shape of the basin bottom where free waves are generated in the shoaling process on an inclined bottom. Since the measured LNG carrier motions are susceptible to this type of basin effects they can not be used as design values in a straightforward manner. Wave splitting methodology was developed to identify and understand the wave systems and use numerical tools to translate the basin results back to design values for shallow water systems.
Extensive test series were carried out to better understand the wave systems and related (low frequency) forces on an LNG carrier and the resulting motions. To assess how generic the methodology can be applied, model tests were carried out in two basins:
1. shallow water basin (long wall-sided basin, see fig. 2 ) 2. offshore basin (squared ocean basin, see fig. 3) The test series in the shallow water basin consisted of 3 parts:
• Tests on 15m water depth (flat bottom)
• Tests on 30m water depth (flat bottom)
• Tests on 2 flat bottom sections (15m and 30m WD), separated by an inclined slope The tests in the Offshore basin were carried out on a flat bottom at 15m water depth. The model that was used is the M8383 LNG carrier model. The main particulars of this model can be found in Table 1 . The model (scale 1:50) represents a 135000m 3 LNG carrier of the conventional type.
Wave splitting theory
The objective of wave splitting is to identify the nature of the wave systems (bound or free waves) in the basin and the direction in which these wave systems are traveling (incident or reflected). The principle of wave splitting is to measure the waves at various locations in the basin and then fit a wave model using regression techniques to identify how much of the energy is traveling from the wave maker to the beach and vice versa. The wave model quantifies that part of the low frequency wave energy which is related to the second order wave (also referred to as set down or bound wave). Another part of the low frequency waves is generated at the wave maker or on a sloped part of the basin bottom as free (spurious) waves. It is important to preserve the relative phases of the different wave systems to finally be able to predict the motion of the LNG carrier and remove the basin effects from the results by omitting the spurious waves in the final numerical simulation.
The wave splitting approach as it is described here was first published by Voogt [1] and this method is valid for long crested waves. The wave splitting tool decomposes the measured wave into:
1. Incident free 2. Incident bound 3. Reflected free In fact, there is also wave that is bound to the reflected waves (4). Note that since the reflections of the primary waves are generally small (5% to 10% of the incident wave height), it is generally assumed that the reflected bound waves are negligible due to the quadratic nature of the set down response to first order waves. This limits the number of wave components to three (3) . In order to perform wave splitting it is assumed here that the waves are long-crested and -if current is present-propagating parallel to the current. If we consider the waves that are measured in one location in the basin the recorded signal will consist of a sum of all the wave systems in the basin.
It is important to realize that the incident free waves and reflected free waves contain both wave frequency waves (i.e. the target primary wave and its reflection) as well as low frequency spurious waves and low frequency reflected waves. Although these low frequency waves have a much smaller amplitude, they still can have a significant effect on the vessel motions, due to the fact that the wave excitation of the low frequency waves coincides with the natural period of the vessel surge (and sway) motions. The free waves and the bound waves travel with a different velocity depending on water depth and wave period. The incident waves and the reflected waves travel in the opposite direction. These differences make it possible to distinguish between the individual wave components.
The free waves propagate with the wave phase speed:
The bound waves propagate with the wave group speed:
The wave splitting has to be carried out for each wave frequency and requires knowledge of the wave elevation at least three different spatial positions. The incident and bound free waves at one particular (difference) frequency can be written as follows: 
Where the wave frequency and wave number satisfy the dispersion relation relative to the current direction: For the bound waves the difference frequency and difference wave number do not satisfy this dispersion relation:
Within the wave spectrum there is a large amount of first-order frequency pairs that result in the difference frequency ω Δ . The incident bound wave therefore contains not only one wave length k Δ , but an infinite number of wavelengths. Because the information to split the wave components (wave probe measurements) is often limited, it is assumed that the bound wave propagates with the group speed corresponding to the peak period in the wave spectrum (i.e. the wave period with the maximum amount of wave energy):
This is a reasonable assumption for narrow-banded and limits the number of bound wave lengths to one at each frequency. In order to split the resulting three wave components (i.e. incident free, incident bound and reflected free waves), the wave elevation must be known at least at three different points in space in the direction of the wave propagation.
If there are more than three measurement points, singular value decomposition or least squares approximation will give the best fit for the three wave components. Suppose the wave elevation is known at location n x x = . A Fourier Transform will give the individual frequency ζ refl, free, ζ refl, bound ζ inc,free +ζ inc, bound ζ refl, free, ζ refl, bound ζ inc,free +ζ inc, bound components of the wave. Each frequency component can then be written as:
with known coefficients A and B.
Inserting this into the formulation for the total wave elevation gives:
cos cos cos cos sin
Defining the following solution vector with unknowns: And collecting the cosine and sine terms, the following two equations are found: In case of three wave probes, 6 equations are found for the six unknowns. Provided that this system of equations is well conditioned, the solution can be found by matrix inversion. The above described method splits the measurement in three wave components (i.e. 3 component wave splitting). A simplified wave splitting method was also introduced where the theoretical bound wave which is associated with the primary wave was first determined on each probe separately and subtracted from the measurement signal. The remaining signal could then be split in two components (incident free and reflected free). This method is further referred to as 2 component wave splitting. Because this method provided the best results, the LNG carrier motions were computed and compared to model test results mainly for the 2 component wave splitting.
In a model test basin environment the procedure for wave splitting is as follows:
Step 1 : Determine optimum location of wave probes & install wave probes Step 2 : Measure the wave data on all wave probes during wave calibration, preferably including the startup of the wave maker and continuing for some time after shut down of the wave maker.
Step 3 : Preparation of input for the wave splitting tool
Step 4 : Run the wave splitting tool
Step 5 : Perform QA-checks on the wave splitting results Step 6 : Compute the wave forces of incident and reflected waves, based on diffraction database
Step 7 : Solve the equations of motion in time domain
Step 8 : Compare computed motions with measured vessel response in the basin In these final steps to assess floater behavior sufficient attention should be paid to (potential and viscous) damping values, in order to match the numerical results with the model test results.
Model Test configurations
In the shallow water basin model tests were carried out on a flat bottom in 15m and 30 m water depth. The basin is a 240 m long wall sided basin and has a width of 15.7 m. The beach is adjustable in height to obtain optimum wave absorption properties at the tested water depths.
To study the wave development on a known bathymetry a simplified bathymetry was designed and built in the basin. , LNGC The vessel was moored using a soft spring mooring system. The mooring stiffness was adjusted to obtain a realistic natural period for surge. The target natural period for surge was set to ~120 s. By using an estimate for the added mass that was based on diffraction calculations, the required surge spring stiffness of the system was 270 kN/m. The natural periods and relative damping values of the vessel were verified using surge decay tests, see table 2. The analysis of the decay tests showed that the natural period for surge was 124 s for 15 m water depth.
Description of the wave maker in the shallow water basin
The Shallow Water Basin has a piston type wave maker at the short side of the basin. The opposite side of the basin is equipped with a beach to absorb the wave energy.
For the generation of waves, the wave maker is oscillated with varying velocity and stroke. The range of frequencies of oscillation corresponds to the frequency range of the generated irregular sea state. The wave maker is equipped with software that takes into account second order wave theory on shallow water. As a result the generated wave signal includes second order low frequency (or bound) waves. Furthermore the wave make signal has a second order correction for the fact that the piston linear motion does not exactly match the water particle motions in shallow water (which are oval shaped). The differences between the oval shaped particle motions of the water and the linear motion of the piston may cause unwanted free waves in the basin which are corrected by adding a signal with opposite sign to the spurious waves that are expected according to second order wave theory.
Description of the wave maker in the offshore basin
The Offshore Basin has flap type wave makers at the two sides of the basin. The opposite sides of the basin are equipped with a beach to absorb the wave energy. For the generation of waves, the wave maker is oscillated with varying velocity and stroke. The range of frequencies of oscillation corresponds to the frequency range of the generated irregular sea state.
The wave maker is equipped with software that takes into account second order wave motions on shallow water. As a result the generated wave signal includes second order low frequency (or bound) waves. A similar second order correction algorithm is available as for the piston type wave.
Decay test results
Prior to the tests in waves an extensive series of decay tests were performed in both basins in order to verify natural periods and to assess damping coefficients in calm water, waves and current. An overview of the decay tests and the resulting natural periods and damping coefficients (expressed as percentage of critical damping) from the offshore basin is given in table 2. This table shows that the damping in calm water is very low (~1.8%). The effect of current adds approximately 0.5% of relative damping (2.3% total). The effect of waves and current is difficult to quantify from the test results. The added damping varied considerably between repeat tests and the relative damping values that are found depend strongly on the part of the time trace that is analyzed. Depending on the period the effect of combined waves and current add between 0.1 and 1.1% tot the calm water damping (leading to 1.9 to 2.9% total relative damping). These values are valid for this LNG carrier in regular waves with a height of 3m and current speed of 1 m/s.
Repeatability of LNG carrier motions between basins
The comparison of the resulting surge motions between both basins for the 12s/3m wave is plotted in figure 4. It can be observed that the surge motion statistics are different between both basins. The standard deviations are 20% larger for the same wave in the offshore basin. This likely to be related to differences in the low frequency wave energy in the basin (basin effect), but the fact that the random phases that were used to generate the waves are different in both basins can not be neglected in this comparison. In fact, figure 5 shows that the low frequency wave energy was similar around the natural frequency in both basins. It should be noted here that for other frequencies large differences were observed between the basins, which could be explained by the differences in the natural modes between the basins.
Tuning of the numerical model
The properties of the model test configuration were taken into account in the input of MARINs numerical time domain tool aNySIM. In this model the equation of motion is solved in time domain, using input from a diffraction database to compute the linear response functions. The wave forces (1 st order) and wave drift forces (2 nd order) were computed for each wave system separately. After careful identification and selection of the appropriate damping coefficients, the first step is to verify the numerical model is to reproduce all decay tests. As no further tuning of the numerical model is performed (i.e. the numerical model is based on a fixed set of coefficients derived from previous test results only) the agreement between decay model tests and decay simulations is a good indicator of the quality of the numerical model. A comparison between the surge decay model tests and corresponding simulations is presented in figures 6 through 9. This shows that without further adjustment of the numerical model a very good agreement between decay model tests and decay simulations can be obtained for a test conditions in calm water, current, regular waves and regular waves with current. This gives sufficient confidence in the numerical model to continue with the time domain simulations in irregular waves.
Wave splitting results
An example of the wave split output can be observed in figure  10 . The 1D wavesplit results shows the incoming and reflected wave energy in the Offshore basin. After observing sway motions of the model during the test the directionality of the waves was investigated using the Maximum likelihood method as described by Isobe [2] , see figure 11 . This analysis showed that LF wave energy was traveling in the longitudinal direction of the basin but also in the transverse direction. Based on this analysis it was decided to extend the wave splitting methodology to also include transverse waves, traveling perpendicular to the main wave direction. The 2D method is analogous to the method described in this paper. An additional array of wave probes was used in the transverse direction. The 2D wave split method assumes that longitudinal and transverse waves are directed orthogonally and no interaction is present between these wave systems. The result of 2D wave splitting is shown in figure 6 . The 2D longitudinal result gives slightly smaller wave energy compared to 1D wave splitting, but small low frequency components traveling in the transverse direction flap are now also resolved. These components are sufficient to explain the sway motions that were observed in the model test as shown in figure 14 where the standard deviations of the y motions are well predicted. Before using these wave split results for the numerical simulations they were checked for inconsistencies. These checks include a visual check on the measured time traces, the correct positioning of the wave probes, ergodicity of the measured wave systems and the check if the sum of the derived wave components matches with the originally measured wave on all wave probes.
Simulation results in irregular waves
The difference between the original simulation method (top) and the simulation including wave splitting (bottom) is shown below for a test in the shallow water basin at 15 m water depth with varying bathymetry, location [C] . The blue line represents the model test results. It is clear that the simulation result matches the model test better when wave splitting is applied.
The statistics of the surge motions for a flat bottom in the shallow water basin are shown in figure 12 for 15m and 30m water depth. These plots show that the wave splitting (red and yellow) results generally predict the motions better than the conventional simulation method (light blue), although the response in the 15 s wave is over predicted by ~20%. After further investigation of this case it appeared that the wave energy was decreasing over the length of the basin, and the assumption of ergodicity of the waves -which is needed for wave splitting-is not valid anymore. The statistics of the surge and sway motions in the Offshore basin are shown in figure 14 for 15 m water depth. Here it shows that the 2D wave splitting results predict the sway motions that are also observed in the model tests. The surge motions for the 12 s are again over predicted.
Conclusions
In this paper the theory and application of wave splitting has been discussed. A practical tool has been developed to identify incident and reflected wave components in a wave basin. Input to this wave splitting tool are the measured wave heights on an array of wave probes. The results were used to simulate the forces and motions of an LNG carrier in shallow water. The results are compared for the motions that were measured in a shallow water towing basin and for an ocean basin. Comparisons show a considerable improvement in the match between the simulation results and the model test results, although differences in the response statistics can still be observed. Further improvement is needed, especially to explain the over prediction of the surge motions using wave splitting.
Recommendations
Based on the experience of the HAWAI jip it is recommended to analyze the wave systems in a shallow water model test, because spurious low frequency waves will affect the model response in many cases. These spurious waves may be induced by the basin shape and or wave maker type and steering. With the presented methodology the effect of the spurious waves can be quantified and the true vessel response (without basin effects) can be computed using numerical time domain simulation tools. For ocean type basins it is recommended to use 2D wave splitting, since transverse low frequency waves may occur in these squared basins, causing related response of the model. It is also recommended to analyse the basin natural modes prior to choosing the model scale and natural periods of the test setup. This is to avoid the natural period of the basin to coincide with the natural period of the model test setup.
It is noted here that the actual shallow water terminal may also be affected by low frequency waves that are introduced by wave shoaling effects on the local bathymetry or by reflections from the shore. It is recommended to assess these low frequency waves for the specific terminal location as they may affect the low frequency response and possibly the workability of the terminal. The low frequency wave energy content may be assessed by wave measurements or near shore wave models. Depending on the local bathymetry and incoming wave spectra the local wave systems will be directional, leading to a new challenge to predict the response in these conditions.
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